Thirteen bands for the B 1 ∆ g -A 1 Π u system and eleven bands for the B ′1 Σ g + -A 1 Π u system of C 2 were identified in the Fourier transform infrared emission spectra of hydrocarbon discharges. The B ′1 Σ g + v = 4 and the B 1 ∆ g v = 6, 7, and 8 vibrational levels involved in nine bands were studied for the first time. A direct global analysis with Dunham parameters was carried out satisfactorily for the B 1 ∆ g -A 1 Π u system except for a small perturbation in the B 1 ∆ g v = 6 level. The calculated rovibrational term energies up to B 1 ∆ g v = 12 showed that the level crossing between the B 1 ∆ g and d 3 Π g states is responsible for many of the prominent perturbations in the Swan system observed previously. Nineteen forbidden transitions of the B 1 ∆ g -a 3 Π u transition were identified and the off-diagonal spin-orbit interaction constant A dB between d 3 Π g and B 1 ∆ g was derived as 8.3(1) cm −1 . For the B ′1 Σ g + -A 1 Π u system, only individual band analyses for each vibrational level in the B ′1 Σ g + state could be done satisfactorily and Dunham parameters obtained from these effective parameters showed that the anharmonic vibrational constant ω e x e is anomalously small (nearly zero). Inspection of the RKR (Rydberg-Klein-Rees) potential curves for the B ′1 Σ g + and X 1 Σ g + states revealed that an avoided crossing or nearly avoided crossing may occur around 30 000 cm −1 , which is responsible for the anomalous molecular constants in these two states. C 
I. INTRODUCTION
Recently, progress on the perturbation analysis of C 2 spectra has appeared in several studies for the tripletquintet (d 3 Π g -1 5 Π g ) interaction, 1 triplet-triplet (c 3 Σ u + -a 3 Π u ) interaction, 2 and singlet-triplet (X 1 Σ g + -b 3 Σ g − ) interaction. 3 These interactions cause prominent perturbations, unusual forbidden triplet-quintet intersystem transitions, 1 forbidden singlet-triplet intersystem transitions, 3 and the observation of a quintet-quintet band. 4 These studies aroused further interest in other C 2 spectra for the many low-lying electronic states ( Fig. 1) 13 In particular, a puzzling perturbation, which cannot be due to a b 3 Σ g − level, was revealed to cross between the J = 9 and J = 10 levels of the F 2 spin component for the d 3 Π g v = 2 vibrational level with a 1 cm −1 perturbation shift to higher wavenumbers and weak extra lines on the lower wavenumber side. 13 In the work presented here, we identified additional bands with higher vibrational levels for the B 1 ∆ g and B ′1 Σ g + states. As a result, the B 1 ∆ g v = 9 level is found to be responsible for perturbing the d 3 Π g v = 2 level, and the extra lines observed previously 13 were just the forbidden transitions with considerable intensity borrowed from the allowed transitions. For the B ′1 Σ g + state, the anomalous anharmonic vibrational constant ω e x e is likely caused by an avoided crossing between the B ′1 Σ g + and X 1 Σ g + potential curves. 
II. SPECTRAL ASSIGNMENT
During our previous study, 3 we noticed some new bands around 3500 cm −1 in the Fourier transform infrared (FTIR) emission spectrum of C 2 observed by a positive column discharge in the CH 4 and He mixture with a spectral resolution of 0.02 cm −1 . 14 Using the molecular constants of Douay et al., 6 we could assign these bands easily to v = 0-2, 1-3, 2-4, and 3-5 of the B ′1 Σ g + -A 1 Π u system. The variation of the line intensity for these ∆v = −2 bands indicated that the v = 4-6 band might be observable, but the 5-7 band might be too weak to be seen. Using the equilibrium molecular constants of Douay et al. derived for B ′1 Σ g + , 6 we estimated the band position for the v = 4-6 band and were able to assign the transition around 3470 cm −1 , about 5.8 cm −1 lower than the predicted. A portion of the spectrum mainly showing the Q-branch of the v = 4-6 band is shown in Fig. 2 . With the newly determined molecular constants for the B ′1 Σ g + v = 4 level, as shown later in Table VII , we extended the B ′1 Σ g + -A 1 Π u assignment to the higher wavenumber region by using two previously observed spectra by Douay et al. 15 and could assign the v = 2-3, 3-4, and 4-5 bands around 5000 cm −1 , the v = 1-1, and 2-2 bands around 7000 cm −1 , and the v = 4-3 band around 8000 cm −1 , as summarized in Table I . Among these assigned bands, the wavenumbers for three bands with v = 4 for the B ′1 Σ g + state are listed in Table II . For the B 1 ∆ g -A 1 Π u system, seven bands up to v = 5 for the B 1 ∆ g state were assigned in this work using the molecular constants of Douay et al. 6 In addition, six bands with v = 6, 7, and 8 for the B 1 ∆ g state were assigned using the equilibrium molecular constants of Douay et al. 6 and the transition wavenumbers are listed in Table III . All the assigned B 1 ∆ g -A 1 Π u bands are summarized in Table I with vibrational quantum numbers.
III. ANALYSIS
For the B 1 ∆ g -A 1 Π u system, we first analyzed the individual vibrational levels up to v = 8 of the upper B 1 ∆ g state by fixing Dunham parameters of the lower A 1 Π u state to those of our previous work, 3 as shown in Table IV . These effective molecular constants are compared with those of Douay et al. 
Observed minus calculated in units of 10 −4 cm −1 . the energy term of the B 1 ∆ g state as 16 for the detailed fit. For comparison, the results of Douay et al., 6 which were derived from the effective molecular constants for the individual levels up to v = 5, are also shown in Table V Table VII . The present result with v up to 4 showed that ω e y e , γ e , and even ω e x e (with a value of 0.10(11) cm −1 if fitted) were indeterminable, and we fixed them to zero. In the fit of Douay et al. with v up to 3, they obtained exact values for the four Dunham parameters from four vibrational levels up to v = 3. 6 If ω e y e is fixed to zero, ω e x e becomes very small and indeterminable. So we listed also a fit for v up to 3 with ω e x e and ω e y e fixed to zero in Table VII which has the same magnitude as the β e constant (Table VII) , and also the small value of α e , when compared with the values of about 0.016 cm −1 for other electronic states of C 2 , may mean that there is a vibrational perturbation of the B ′1 Σ g + state.
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IV. DISCUSSION
A. Interaction between the B ′1 Σ g + and X 1 Σ g +
potential curves
The anharmonic constants ω e x e can be estimated using the Pekeris relation 17 as ω e x e = B e ω e α e /(6B 2 e ) + 1 2 , which holds very nicely for all the low-lying electronic states of C 2 , as shown in Table VIII , except for the B ′1 Σ g + and X 1 Σ g + states, as pointed out by Douay et al. 6 Therefore, the anomalously small ω e x e ≈ 0.1(1) cm −1 obtained for B ′1 Σ g + must be an effective value, which implies that some interaction with other electronic states distorted the anharmonic potential curve back to a near-harmonic shape, at least up to v = 4. A possible mechanism for this distortion is considered below.
The vibrational term values for the X 1 Σ g + state are known up to v = 9. 18 In our previous global analysis, 3 we fitted to calculate the RKR (Rydberg-Klein-Rees) potential curves, which are shown as the solid lines in Fig. 3 . When we assume that the anharmonic expansion constants ω e x e in both the B ′1 Σ g + and X 1 Σ g + states are 12 cm −1 as for most of the other electronic states, the dashed curves in Fig. 3 were obtained, which cross near the energy of 30 000 cm −1 . Since the B ′1 Σ g + and X 1 Σ g + states have the same symmetry, the solid RKR potential curves can be regarded as the result of an avoided crossing 20 of the dashed curves in Fig. 3 , and the anomalous ω e x e values for the B ′1 Σ g + and X 1 Σ g + states, especially the in cm −1 ) . large effect on the lower vibrational levels in B ′1 Σ g + , are a direct result of the avoided crossing between the two states with the same 1 Σ g + symmetry. The assumption for the "original" ω e x e = 12 cm −1 in both the B ′1 Σ g + and X 1 Σ g + states is just a crude approximation. The two "original" potential curves may just approach each other closely instead of crossing, but the two potential curves should also be distorted mutually by the near-avoided-crossing. The distortion should also affect the higher order anharmonic constants in both the B ′1 Σ g + and X 1 Σ g + states and a detailed simultaneous analysis of the two states is required to determine all the parameters quantitatively. High-level ab initio calculations take this interaction into account automatically and therefore obtain reasonable estimates for the observed ω e x e values. For finding the perturbations between the B 1 ∆ g and d 3 Π g states, we plotted the rovibrational levels of the two states between 20 000 and 30 000 cm −1 in Fig. 4 and listed the term values of the levels around the level crossing in Table X Table X were calculated without considering the perturbation interactions, and the perturbation shift and the intensity ratio of the forbidden to the allowed transitions borrowed from the level mixing in Table X were estimated with the perturbation treatment for interaction between only two levels, 21 that is, two levels separated by ∆ before interaction are shifted up and down by δ =  (∆/2) 2 + W 2 − |∆/2| due to the interaction W , and the mixed wave functions have a contribution (squared coefficients) ratio of the parent state to the perturber as 1 + ∆/δ. The v = 0 level of the d 3 Π g state does not cross B 1 ∆ g v = 6 and perturbs it only slightly as observed in this work. d 3 Π g v = 0 F 2 crosses B 1 ∆ g v = 7 around J = 51, which leads to a 0.43 cm −1 shift predicted in Table X , as compared with the 0.56 cm −1 perturbation observed. 13 A possible observation for the corresponding forbidden transitions at a lower wavenumber of |∆| + 2δ = 3.1 cm
from the allowed ones is predicted with a 16% intensity of the allowed one, which was not identified due to some overlapping lines. In this way, many perturbations observed previously 13 or rechecked by this work were confirmed as shown in Table X . For d 3 Π g v = 2, the calculated perturbations around the crossing levels of B 1 ∆ g v = 9 were all confirmed and the predicted forbidden transitions from B 1 ∆ g v = 9 to a 3 Π u were identified as shown in Table XI , among which several forbidden transitions corresponding to the allowed ones for J = 9 of d 3 Π g v = 2 were noted previously without knowing the B 1 ∆ g v = 9 perturber. 13 In Figs. 5 and 6, several identified pairs of allowed and forbidden transitions are shown. For the individual pairs of the forbidden and allowed transitions in Table XI, the interaction W was determined and the off-diagonal spin-orbit constant | A dB | was obtained by W = | A dB ⟨v B |v d ⟩|, where the overlap integrals were calculated with Le Roy's "LEVEL" program. 22 Finally, an average value | A dB | = 8. 
